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Introduction

Due to overwhelming evidence of environmental and health hazards
caused by increasing amounts of oil discharged in natural waters, there
has been considerable governmental regulatory and standards activity
5 related to oil pollution. Existing regulations governing industrial and
marine vessel discharge have been recently analyzed by the University
- of Mississippi Law Center [1]. One of the consequences of this activity

. has been a growing interest in the research, development and evalu-
ation of oily water separation processes and equipment. The special

- constraints such as size, simplicity of operation and variable fluid and

. operating conditions warrant special emphasis on the study of bilge
and ballast oily water separation. : .
" Typically, current shipboard and other ‘oily water separation
equipment include a primary gravity separation device [2, 3, 4, 5].
Gravity settlers may be classified as batch holding tanks, continuous
flow baffled units and parallel or corrugated plate separators. One of
the advantages of corrugated plates over parallel plates is that cor-

= - _rugated plates provide greater oil collection spaces and surface area.

" The flow direction in corrugated plates is generally as shown in Fig.
1(a), although the plates may be inclined. Oil drainage (from plates)
provisions vary from configuration to configuration. There are nu-
- merous corrugated plate configurations used in gravity settling de-
vices. U.S. patents dating as early as 1888 [6) and 1929 [7] describe
enhanced oil water separation via use of corrugated plates.

Plate separators are generally accepted as providing enhanced oil
separation over simpler baffled gravity settlers occupying the same
space [2). However, according to a technology review by Osamor and

susceptible to plugging by solids, biological growth or highly viscous
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““9*‘ A Study of Oil/Water Sepafa_tion in
Corrugated Plate Separators -

Simplified trajectory calculations and small scale experiments suggest that the mecha-
nisms of oil separation in corrugated plates are similar to those of other plate separators
and that the radius of curvature is not an important design parameter. Bouyancy force’
and flow fields control oil drop rise, while drop-interface coalescence should be important
when plates are completely oil covered. Results suggest that interdrop coalescence, due
to the periodically constricted and expanding flow, is not an important mechanism.

Large scale (3-6 gpm) tests show that with light influent oil, corrugated plate separa-
tors perform better than simpler baffled vessels. With viscous, low interfacial tension oils,
a simpler baffled separator performs better than the corrugated stack separator. This is
probably due to viscous oil blockage in the plates and formation of a “foamy” oil-water
mixture of high specific gravity.

_ probably due to the nature of the oil and due to the effect of the sus-

Ahlert [2], the main problem with plate separators is that they are’

oils. In general there has been little published data [8, 9] on the per-
formance of these devices under various fluid conditions especially
with highly viscous oils. : )

A field study of bilge samples from inland tow boats was conducted
at Nelson Industries. Results of this study, relevant to this paper, are
reported in Table 1. The range in variation of oil viscosities and cther
properties in bilge samples is evidently wide. The high viscosities are -

pended solids in the oil [10]. Similarly an emulsion of water-in-oil may
also contribute to the high viscosity of the “oil”. The low interfacial
tension and surface tension of water indicate the presence of signifi-
cant amount of surfactants.

The scope of this paper is to study oil/water separation in a corru-
gated plate separator configuration. Special attention was paid to the
separation of highly viscous oils, such as reported in Table 1.

Effeé:t of Plate Configuration

Design methods of horizontal gravity settlers have been reported
by Abernathy [11]. Design equations and construction details of
horizontal flow vessels are given hy API [12]. In this section the effects
of corrugated plate configuration on oily water separation will be
considered.

Enhanced oil/water separation in corrugated plates may be due
to:

a. Increased surface area and reduction in settling distance.

b. Drop-interface coalescence on plates coated with oil.

¢. Coalescence due to the collision of droplets in periodic accel-
erateld and decelerated flow in corrugations i.e. gradient coagula-
tion. . ' y . o A

LB AR

! Due to the periodic accelerated flow, drops of different sizes will have relative -
motion with respect to one another. Thus, small drops can vortex arour}d larger a2
ones and coalescence may occur if the film in between the drops is drained and E

ruptured before the drops separate in the flow field. Obviously, this mechanism .
will be more important for drops in air than in liquids. e
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ik Table 1 Soma Characlerlsllcs of 1n1and Vessel Bl1ge Samplu -
Pa rameter .’ R i
A. 0il Phase .~ - e e 2

FEEETE -

Specific gravity, gm/cc 0.88-1.01
Viscosity, cp 2.4-2000
Suspended solids, mg/1

>105 microns e . . 304-1104 .

> 1 micron = 500-1600
Surface tensmn, dynes/cm 28-33
B. Water Phase '
Suspended solids, mg/1

>105 microns 27-120

>0.2 microns : 80-1410
surface tension, dynes/cm 34-60

pH 4,5-8.5

Conductivity, micro MHOs/cm 79-2500
C. Interfacial Properties’

Interfacial tension, dynes/cm <2

Zeta potential, mV (+2)-(-40)

The first two mechanisms do not distinguish the corrugated con-
figuration from plate separators. Osamor and Ahlert (2] consistently
- refer to such devices as gravity separators. Flow and buoyaney forces
will control drop approach to the top plates, while coalescence will
dominate the attachment of such a drop, when there is a spread film
of oil on the plates. Sherony and Kintner [13], in their study of co-
alescence in fibrous beds, conclude that gradient coagulation or co-
alescence is unimportant since they were unable to observe this
mechanism. The applicability of the above statement may be ques-
tioned since the drop sizes of importance here, are greater by an order
of magnitude. If gradient coagulation is an important mechanism,
then the radius of curvature (Fig. 1(a)) should be an important design
parameter; for stacked corrugated plates, at a given mean separation
and segment angle (Fig. 1(a)), the radius of curvature will control the
number and gradient of the constrictions and expansions. Note that
it is not possible to stack identical corrugated plates without having
periodic constrictions and expansions, The importance of these effects
have been studied by simplified drop trajectory calculations and small
scale experimental work.
Simplified Drop Trajectory Caleulations., The procedure is
briefly described. For mathematical simplicity, a corrugated channel
. of consistent separation distance is taken to simulate corrugated
plates (Fig. 2). Note that such a configuration is not practical since
such plates cannot be stacked. However, if gradient coagulation is not
important this is a fair approximation of realistic corrugated plates.
Each section of the corrugation, then, is a segment of two concentric
cylinders of radius R, and KR (Fig. 2). Obviously, it is difficult to ac-
curately determine the flow field in this channel for a wide range of
flow velocities. However, for the low flow velocities and small plate
separations commonly encountered in corrugated plate devices,
certain assumptions which simplify the analysis, may be justified. This
simplified analysis does provide some insight regarding the effect of
corrugated plate configuration on oil drop capture when gradient
coagulation can be ignored. A more rigorous approach is beyond the
scope of this paper.
Fully developed laminar flow is assumed. Further, as the fluid

SEGMENT
ANGLE

Fig. 1 Corrugaled plates (a) Typlcal rounded plates (b) Right angted
plates

Fig. 2 FIOw channel assumed Ior drop rajeclory calculallons

moves from one “hump” to the other, the origin shifts (Fig. 2) and the

velocity profile is assumed to remain fully developed. These as
sumptions are justified at low Reynold's numbers. For laminar flow =
between flat plates the entry length (to fully develop the velocity
profile) is given by [14]:

L =0.04 Xs XRe

where Re is the Reynold’s number based on plate separdtion, s. Most
of the calculations were done at 40 cm/min average velocity and at :
0.635 cm plate separation (i.e. Re = 42.3). Using the above equation
for flat plates, the entry length for the above conditions is about 1 em
In other. words, for these curved channels the flow field develops
rapidly, if secondary flow can be ignored.

For flow in a curved channel contained within concentric cylmders,
secondary flow is important for Dean numbers (Re(S/R1/2)) exceeding -
a value of about 36 [15). For most of these calculations (velocity = 4
cm/min and s = 0.635 cm) the Dean numbers are less than 30. Hence .
secondary flow is not considered in this analysis. Obviously, for th
higher velocity calculations (Fig. 3) the validity of this assumption”.
may be questioned. :

The oil drops are assumed to behave as solids i.e., the effect on
settling velocity due to internal drop circulation and drop distortion ’
in a pressure field is ignored. This assumption should be valid for’
viscous oils. Also, the plates are considered to be wide so that Slde end’
effects are ignored.

The velocity profile (obtamed from Navier Stokes equations wit
zero velocity at the walls) valid for these assumptions is: - ?

VFIM_L+
2u 4p ’

7

—————Nomenclature

C = Constant R = Outer radius; radius u = Viscosity

g = Acceleration due to grav:ty s = Plate separation distance p = Density of water

K = Ratio of inner to outer rgdlus- S = Length of drop approach to the top # = Angular coordinate

L = Entry length plate Subscripts and Superscripts
p = Pressure t = Time * p = Oildrop

@ = Flow rate V = Velocity r = Radial

r = Radial coordinate W = Width of plate 0 = Angular
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(a)

RP 50 microns
pr 092

R 15"
Velocity =

-’aOc_m/m in

2.0

= - 025 0.5
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Drop Approach_ Distance. S. inches

: R® = 50 microns
PP =092 o
14 | § =0.25 inches_,
Velocity = |
40cm/min 1
' I
o g i
i
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Radius, R, inches

[‘/z =In(R) —(

_)‘“_( )+

K2R2
- o e s ©
= 0 (No secondary ﬂow)

. S =t . -

The pressure gradlent is found by a numer:cal lteratwe procedure
such that the total volumetric flow rate is preserved. This technique
has also been used by Pantankar et. al., [16]. A semi-empirical ex-
pression that approximates this gradient was found to be:

dp CQ(R + KR)
a0 W(R — KR)? :
where C 256 Equatlon (3) provided the initial value for the iterative
procedure.

The net force on an oil drop is then the sum of bouyancy force and

drag (determined for laminar flow over spheres) forces. This then
- readily gives the trajectory equations:

(3

-b =(p~r-pP)g‘ B @

-

. small scale experiments were conducted to evaluate this effect.

dVr+aVP —bsmﬂ (4)
and
AVPy - (VR — Vo) =b cosd ®)
dt ;
where
Sp
ot 6
o 2Reype &

(b)
R® = 50 microns
PP 092
R - 1.5 inches
% 0.25 inches

23k

340 - 60 80 i
- Velocity, cm/min o .
o 1 X ~ F. § .
- g_gL_P o b b
I\ R=75inches L
1.0k\ _i5‘:=025 inches. Il'

|
05 ‘
‘ -4 80 cm/u;in
0.2 40 cm/mln
0.1 |
100 200 500 1000 2000

Drop dia., microns

Fig.3 Resulls of trajeclory calculalions

These equations were solved numerically using a finite difference
approach, Initially, the drop was assumed to be at a distance of 0.06
cm away from the bottom plate, moving at the local fluid velocity at
the entrance. Such a procedure then gave the drop trajectory. Since
the drag terms in the force balance are inaccurate near the wall, the

numerical calculation was stopped at a distance of 0.06 cm away from

the top plate. The horizontal length travelled to achieve this condition
(termed drop approach distance, S) was taken as an inverse measure
of separation efficiency of the configuration. Obviously, the horizontal
distance required to separate the oil drop detei'mines the length of

_ the vessel.

Results and Discussion, Qualitatively the analyms should point
out the important factors affecting gravity settling in corrugated
plates. Obviously this analysis ignores gradient coagulation and only
considers horizontal approach distances, S, to the top plate. Some of
the calculation results are shown in Fig. 3. As expected, the results
show that:

a) S « Plate Separation, s (Fig. 3(a))

b) S a Velocity (Fig. 3(b))

¢) S /[(R) (Fig. 3(c))

d) S isanonlinear, asy'mptotlc, inverse functmn of drop size (Flg
3(d)). :

Results (a) and (b) are expected for plate separators Result (c) and
the drop trajectories show that the net effect of radius of curvature

is negligible in the practical range of R = 1.27 to 3.81 cm.
Small Scale Experiments. Since the trajectory calculations do |
not take into account the periodic constrictions in corrugated plates,

Comparison of the results of these experiments with the simplified
trajectory caleulation results, will then provide some insight a8 to the

importance of the radlus of curvature and the gradlent cuag‘ﬂﬂllou
mechanism, =~ sl coresaanR v ‘ ’
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Flg. 4(a) Small scale corrugated plate assembly

Small scale experimental work was conducted such that various
plate configurations could be carefully evaluated. The apparatus used
is shown in Fig. 4(a). It basically consists of a bolting assembly such
that plexiglass sheets with variable gaskets could be used to seal the
sides of the corrugated plates. The flow is well distributed at both the
inlet and outlet. Fig. 4(b) shows the schematic flow chart. A fine nozzle
(0.08 cm diameter) was used to create an influent drop size distribu-
tion at an average flow velocity of 33.0 em/min. Mil 5606 hydraulic
oil with specific gravity of 0.92 was used at 2000 ppm influent con-
centration, Plates used were made of aluminum and were covered with
an oil layer before assembly so as to avoid transient effects during the
process of establishing an oil layer; performance can be affected during
this time period since adhesion characteristics between oil drop-plate
material and oil drop-oil interface may be significantly different. In
one case fiberglass reinforced plastic plates were used. The plates were
carefully assembled such that the required average separation dis-
tance (average of all the maximas and minimas in separation distance)
was achieved. The radius of curvature of the plates was varied from
0.635 cm to 3.0 cm and the segment angle (see Fig. 1(a)) was main-
tained at 90 deg for all cases, except for the fiberglass reinforced plastic

sorrugation (Table 2) and the right angled corrugation (Fig. 1(b)).
Different radii of curvature resulted in different numbers and gra-
dients for expansions and contractions. The overall dimensions of the
plates were 19 em wide by 20.32 em long. Note that the flow velocity
(33.0 em/min) and plate separation (0.4762 cm) are within the range
recommended by Mittleman [9)].

After assembly, oil-water dispersion flow was started. The influent
distribution was measured through an on-line flow-through cell using
high speed photomicroscopy. The cumulative volumetric distribution
is shown in Fig. 5. With the required depth of field it was not possible
to use high magnification. This did not result in any significant error
in the reported influent volumetric distribution (Fig. 9) due to the low
volume fraction of the fine drops. In addition, effluent concentrations
were measured by diverting the effluent into sample bottles (using
the 3 way valve Fig. 4(b)). 100 ml samples were taken at 5, 10, 15, 30
and 45 minutes of elapsed time since dispersion flow was started.
Effluent oil concentrations were measured using carbon tetrachloride

extraction and IR analysis. Oil concentrations in the effluent were
fairly consistent with time, and visually (by observing through the

0il: Hil 5606 Hydraulic 0i1
Tnlet 0i1 Concentration: 2000 ppm

concentration and the measured influence volumetric distribution

Table 2 Results of small scale experiments

Plate Length: 20,32 ¢m

Haterfal of Construction:

CLEAN-UP
0IL COALESCER[™

" " HIGH SPEED,
: FLASH fQ

3 %izes should)
23 Results a1

CORRUGATED MICROSCOPE
PLATE ASSEMBLY WITH i} . Upon exar
3 preferable to
“drop size dist
'{yere attaine

METERING
OIL
PUMP

2 effect on b]ab-

; effluent oil cc
Fig. 4(b) Small scale experimenlal schematlc flow charl ' ity Ze

Value., The r
number of ex;

1.0
0.8 //

/|

0.6

/

0.4 /
0.2 //
0 ]
0 25 5 75 100 125 175 200

150

VOLUME FRACTION LESS THAN INDICATED SIZE

DROP DIA., MICRONS

Fig. 5 Cumulative influent oll drop slze dislribulion, small scale experi-
ments ;
plexiglass sides) it was apparent that there was no significant oil build
up in the plates with the 2000 ppm influent oil. Significant oil build -
up in the peaks of the corrugations could change the separation
characteristics.

Initially, an attempt was made to photograph the drop distributions
within the corrugations. This was aborted due to the inadequate
magnification at the high required depth of field. For some of the runs,
an attempt was made to measure the largest (average of largest five)
effluent drops. This will be referred to as “cut-off” drop size. It was
not possible to measure the entire effluent distribution due to the dual
requirement of high magnification and high depth of field. Due to the
low number of drops in the effluent, these attempts were not always
successful in obtaining data of adequate confidence level and in
general, the quality of the photographs were poor. However, it was
possible to obtain calculated values of the “cut-off” drop size by using -8
the known influent concentration, (2000 ppm), measured effluent—=

\
\

© v Plate Width: 19,0 cn
Aluminum Temperature: 16°C

Flow Rate: 400 mi/min. (33.0 cm/min velocity)

Sp. Gr.: 0.92 Mean Plate Separation:
0.4762 cm
Feasured Range of
Corruoation Description Effluent Data Calculated
: Fo, of Pange of Cut-0ff" "Cut-0Off"
Radius Segment Cycles in 011 Conc. Dia. Dia.
No. Shape cm angle,deq. Corrugation ppm um um
1 Rounded 1.9 90 2.5, 8-15 35 30-36
2 Rounded 1.27 90 3.2 6-11 ¥ 28-33
3 Rounded 0.635 99 6.0 6-10 * 28-33
4 Rounded** 3.02 67 3.0 6-11 # 28-33
5 Rt. Angled See Fig. 1(b) 5.7 14-41 *: 36-49
* lnadequate photomicrographas or data not taken **
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(an\B) The calculated “cut-of f”’ drop size is meaningful only if gra
5 dient coagulation is not important; obviously if this mechanism is
“important, then the values of calculated and measured “cut-off” drop
 sizes should not agree.
Results and discussion, Table 2 summarizes the results of the
11l scale experiments with the corrugated plates. ’
Upon examination of Table 2, it is clear the it would have been
* preferable to have conducted the experiments with a finer influent
" drop size distribution such that effluents of approximately 100 ppm
" were attained. Due to the low flow rates this was not conveniently
" accomplished by use of the nozzle. Feeding the oil into the suction side
of the minicentrifugal pump (Fig. 4(b)) resulted in a fine dispersion
~ such that the effluents were too high, However, under these conditions
" it is clear that the radius of curvature of the plates had little or no
effect on plate performance (test nos. 1-4) in terms of both measured
effluent oil concentration and calculated drop “cut-off” diameter. In
. test no. 1 acceptable photomicrographs were obtained and the mea-
" sured value of “cut-off” diameter agreed well with the calculated
value. The radius of curvature determines the gradient and the
number of expansions and contractions in corrugated plates of equal
segment angles. As discussed previously, this suggests that gradient
coagulation is not an important mechanism of oil separatlon in cor-
rugated plates.

In test no. 4 the corrugated plates had a segment angle (Fig, 1(a))
of 67 deg. as opposed to 90 deg. in other cases, However, this config-
uration performed comparably to the others. The right angled con-
figuration (Fig. 1(b)) did not perform as well as the rounded config-
urations (test no. 5). This is probably due to the expected flow in-
stabilities in such a configuration.

In general the results of these experiments with realistic corrugated
plates are in qualitative agreement with the trajectory calculations
done for plates without any constrictions and expansions. This

- suggests that under conditions of perfect oil drainage (oil accumula-
tions not greater than a film) as simulated in these experiments,
corrugated plates separate oil mainly by capture (and thus also co-

INTERFACE
= SENSOR
OlL DRAIN ) ) OIL DRAIN
) L I = J =
PRIMARY SECONDARY
? CHAMBER CHAMBER
Ne
YR /’

R BAFFLES/ \\_I_ r:—h ‘
- I

PN P S PR

in. in —

.- Fig. 6{a) Separalor with empty secondary chamber
: U1 |
> P T T .
k4
= Pl A
CORRUGATED
! \,{ PLATE STACK

|

LT

Flg. 6(¢) Separator wilh corrugated plate slack
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alescence at the top plate surface). It is possible that the radius of
curvature may affect the performance under conditions such that low
oil drainage rates cause significant accumulation; the radius of cur- -
vature should affect the oil holdmg capacity in the peak sectmns of
the corrugations, ;

Large Scale Evaluatmn : . %

Having studied the effect of plate conﬁguratlon on oil separat:on, e
a large scale (~5 gpm) prototype was built so that its performance -
could be evaluated under oil conditions similar to the bilge samples -
of Table 1. The scope of this investigation is to determine the degree
of enhanced oil separation (if any) in a gravity separator, with corru-
gated plates, over simpler gravity separation devices such as horlzontal
flow vessels, with or without baffled plates, - ~

Experimental Details. A horizontal housmg (30. 48 cm dlameter)
was constructed with two chambers—a primary chamber for bulk oil -
removal and a longer secondary chamber (Fig. 6(a)). The secondary
chamber was constructed such that either a set of baffles (Fig. 6(b)) :
or a stack of corrugated plates (Fig. 6(c)) could be inserted. It was
possible to evaluate three configurations of equal over-all dlmen
sions: s SO

a) empty secondary chamber (Fig. 6(a))

b) baffled secondary chamber (Fig. 6(b)) b0

c) secondary chamber with stack of corrugated plates (Flg
6(c))

The corrugated plates used in most of these tests are shown in Flg u e
6(d) and described in Table 2, test no. 4. All corrugated plates hat‘l_ :
weep slots (Fig. 6(d)) for oil drainage. Plate separation was 0.635 cm. .-/
The corrugated plates were assembled using vertical threaded rods
and the plate spacing was maintained by using appropriate metal
washers on the threaded rods. The material of construction was fi- :
berglass reinforced plastic. In some tests the right angled metal cor- =~ =
rugations (Fig. 1(b)), with an acrylic coating, were used. :

Fig. 7 shows the test schematic flow chart. A progressing cavity
pump (Moyno™ Model No. 1L3) with a variable speed drive was used .
as the oil-water mixing pump. An in-line static mixer, followed by a .
curved tube sampler at the center of the pipe, was installed on the =
effluent side of the separator housing. Care was taken to ensure that, .

l INCLINED
BAFFLES, -

e mn DA Bt o e e e b e o s

SEGMENT ANGLE = 67°
RADIUS OF CURVATURE = 1.19 in. (3.02 cm)

Fig. 6(d) Corrugaled plate with weep slo!s
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CLEAN-UP STAGE
COALESCER COALESCERS
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PUMP
SAMPLER

B Fig. 7 Large scale lest schemallc flow chart

the oil concentration did not build-up in the secondary chamber. The
oil concentration in the first chamber was controlled by a capacitance
type oil-water interface sensor. Sampling during oil drainage was
avoided. All the sampling was done isokinetically. About 500 ml of
sample was taken and analyzed for oil content by carbon tetrachloride
extraction followed by IR analysis. All tests were run for about 3045
minutes and samples were withdrawn every 10 minutes. Preliminary
work with this small scale separator had established that this time
period was sufficient to overcome any significant transient effects.

Fairly low pump speeds (240, 340 and 430 rpm) were used to create
the oil-water dispersion since such devices are not effective in re-
moving fine drops [2]. The zeta potential is often a suitable measure
of emulsion stability and upon examination of zeta potential values
in Table 1, it is clear that the fine drops in bilge water can be stable
enough such that they will not effectively coalesce on the plates of
these devices. The accepted role of gravity settling devices is to remove
bulk and coarsely distributed oil.

Drop size distributions, for an equal mixture of # 2 fuel oil and #6
oil-in-water at 265 rpm and 430 rpm pump speeds, were measured by
high speed photography of the flowing mixture in a plexiglass tube.
0il concentration of less than 1/2% was used for this measurement.
At higher than 1/2% concentrations it was not possible to obtain re-
liable data due to oil accumulation on the sight tube. The distributions
are plotted in Fig. 8. It should be noted that at significantly higher
oil concentrations (i.e., approximately greater than 5%) the average
drop size will be larger. With # 2 fuel oil-in-water, the pump created
a finer dispersion and with # 6 oil the drop size was coarser.

Oils of three different viscosities and specific gravity were used at
65F-T0F:

(i)  #2 fuel oil (sp. gr. = 0.84,vis = 2.7¢cp) .

(ii) 50-50 mix of #2 and #6 oil (sp. gr.: 0.92, vis = 70-80 cp) _

(iif) 46 oil (sp. gr. 0.96, vis = ~2000 cp) #6 oil was clearly non-
Newtonian. Also note that it was difficult to maintain the consistency
of the 50-50 mix. Most of the work was conducted at 5% influent oil
concentration, and total flow rates of 4, 5 and 6 gpm.

Table 3 Large scale tesls with #2 fuel oll

H. . // /—.-,
b C f /
a Z
= 08 —— : 4
= : - o
- _ /
Z 06 [— ; )
= 430 ,
%) RPM
@ !/ /2865
= 04 / / REM
= T / —
S
= y
(&) ;
=
w 0.2
wl
=
s |
= |
o
=0
0 0.2 0.4 0.6 0.8
DROP DIA., mm. :

Fig. 8 Cumulative influent oil drop size distribution (50-50 mix, #2 ﬁG olls)
for large scale lesls

Results and Discussion. Table 3 shows the performance of the
three configurations with #2 fuel oil. Clearly, the corrugated plate
stack performs significantly better than the baffled and empty see-
ondary chamber configuration.

Table 4 summarizes the performance of the three conflguratwns
with #6 oil-in-water dispersion. Examination of the data in Table
4 leads to the following ohservations:

(1) The empty secondary chamber and baffled configurations
perform better with #6 oil-in-water dispersions than with #2 fuel &
oil, mainly due to the larger drop size with #86 oil.

(2) The baffled configuration results in enhanced oil separatlon
over the empty secondary chamber.

(3) The corrugated stack configuration performance is drastically i3
retarded with this viscous oil. During this project, a smaller scale (1
gpm) plexiglass housing with corrugated plates was built to visuallyf'?
examine the movement of the oil. It was observed that the oil tena
ciously clung to the plates and formed a dual emulsion or a “foam’
consisting of pockets of water. (It was confirmed that there was no air =
leakage into the system). This “foam’ was observed to bridge across
large gaps between the end of the plates and the vessel internals
Further, the “foam” density approached that of water and eventually
some of it found its way into the effluent.

The above visual observation may be useful in explaining the poo
performanice of the corrugated stack. The collected viscous oil does
not drain through the weep holes due to its high viscosity and adhesio

0il: #2 fuel oil Influent concentration: 5%
Temperature: 65F-70F Viscosity: 2.7 cp Sp.gr.: 0.84
Range of Effluent 01 | =

Sccondary Chamber Concentration, pom @ Mixing Pump
No. Configuration 4 gpm 5 gpm 6 gpm Speed,rpm
1 Empty (Fig. 6(a)) 115-130 125-135 190-220 240 :
2 Empty 380-450 450-600 340 i
3 Empty _ - 1000-1100 | 1000-1300 430 case
4-| With baffles (Fig. 6(b)) / - 100-110 80-160 240 ble
5| With baffles - 150-210 280-310 340 exp
6§ | With baffles - 350- 380 500-550 430 |
7 With corrugations*(Fig. 6(c)) - 10-25 10-35 240
8 With corrugations* - 25-30 35-40 340 N

*().635 cm plate separation; fiberglass reinforced plastic corrugations described in

Fig. 6(d); plate length = 20.32 cm.
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Table 4 Large scale lesia th #G oll

lnfluent _[_Zgﬂcentralion

Viscosity:

o

2000 cp

5

Sp.gr.: 0.96 ~

s an E Range of Effluent o
Secondary Chamber Dil Concentration, ppm @ Mixing Pump
No. Configuration 3 gpm 4 gpm 5 gpm 6gpm Speed, rpm
1 Empty (Fig. 6(a)) - 80-90 85-100 90-115 | 240
2 Empty - 250-300 340-360 450-480 340
3 With baffles (Fig, 6(a)) - 50-65 60-75 1no-120 240
.4 With baffles - 150-160 170-210 170-200 340
5 With baffles - 350-1000 680-760 .- 430
6 Hith corrugations*Fig. 6(c) 150-170 320-580 - - 240
7 With corrugations* - 1000-1140 1400-1600 - 430
8 With rt. angled - 175-190 780-1460 - 240
corrugations (Fig. 1(b)) L
. Plate length=25.4 cm
9 Same as in (8) - 1140-1830 910-3200 - 340
10 Same corrugations as above,
except plate length=12.7 cm - 50-80 100-120 100-130 240
1.27 ¢m separation

*0.635 ¢cm p'late separation; plate 'Iength
as described in Fig. 6(d).

to the plates. This restricts the flow and causes flow instabilities which -

result in “foaming” due to the low interfacial tension and resilient
interfacial films usually found in residual oil-water interfaces. This
“foam” obviously will not readily settle. Also, the viscosity of the
“foam” (or water-in- #6 oil emulsion) should be much higher than
the #6 oil itself [10]. This can further increase oil blockage in the
plates, increase average flow velocity and deteriorate oil capture. Some
of the oil that does not form a “foam”, will not readily flow through
the weep holes, due to the high viscosity, and will be released at the
same elevation as it entered the plate. All the plates had drain slots
0f 0.635 cm (0.25 in.), width X 2.54 em (1 in.) length with center-center
distance of 3.8 cm (1.5 in.). The open area of such a slot is greater than
the area of a 1.27 cm (0.5 in.) diameter hole. Increasing the size of the
drain slots further was considered to be impractical. Further, visual
oheervations (in the plexiglass housing) suggest that enlargement of

-ain holes (even if it were practical to do so) would not necessarily
in.prove performance; at high influent oil concentration, the oil can
partially block the plates by bridging across the separating distance
of the plates. This would tend to deteriorate performance of the cor-
rugated stack configuration even further,

(4)  Similar results were obtained for the right angled corrugation
(Fig. 1(b)) stack at 1.27 cm (0.5 in.) separation distance, suggesting
that increased plate separation will not necessarily alleviate the oil
blocking and “foaming” problems.

(5) Reduction in the length of the corrugation (test nos. 8 and 10),
however, results in significantly better performance, approaching that
of the empty secondary chamber configuration. These tests suggest
that large clearances between the ends of plates and any other surface
are required. The large clearances prevent oil bridging and also pro-
vide some distance needed for the slow settling of the “foamy” oil-
water structures. However, it is doubtful that the provision of this
larger clearance will result in enhanced separation over baffled or
empty horizontal configurations of equivalent size, mainly due to
“foam" formation. At any rate, in the present configuration, even the
short corrugated stack configuration, with large end clearances does
not result in any enhanced settling.

Similar results were obtained for the various separator configura-
tions when tested with a 50-50 mix of #2 and # 6 fuel oils. However,
in these tests #6 oil, used in previous tests, was utilized. Some of this
#6 oil had high amounts of suspended or dispersed water (deter-
mined by Karl Fischer titration), which does not readily settle out.
In one case 50% water in the mix was reported. It should be stated that
this problem did not exist for the tests run with straight #2and #6
oils. As explained previously, this dispersed water in the oil could
increase the viscosity of the 50-50 mix considerably more than the
e ~cted 70-80 ¢p. Since the consistency of the mixture is question-

-he data is not reported here, It is important to note, however,

thau the presence of dispersed water, in-this oil phase, drops the cor-

rugated stack configuration performance significantly.

Journal of Engineering for Industry

20.32 cm, fiberglass reinforced plastic corrugations

A few tests at 25% influent concentration of #2 fuel oil were run
with the various secondary chamber configurations. In all cases, the _
performance improved. This result should be expected since at hlgher
concentrations the average drop size is larger.

Conclusions

The following conelusions can be made as a result of this labomtory
study of the design and performance aspects of horizontal flow cor-
rugated plate separators: )

(1) The mechanisms of oil separation in corrugated plates are"__'
similar to those of ordinary parallel plates; gravitational and flow
fields control the capture or approach of oil drops to the top plates, -,
while coalescence should be important for attachment when the plates -
are fully coated with oil. e

(2) Interdrop coalescence in the flow field, due to the perlocllc
constrictions and expansions in realistic corrugated plate stacks (i.e.
gradient coagulation) is not an important mechanism of oil separation
in such devices. :

(3) The radius of curvature of the corrugations is not an lmportant e
factor in the capture of oil drops on plates without significant oil ~ *:
build-up. However, this parameter may be important in terms of oil
holding capacity or plate performance under conditions such that
there is some o0il accumulation.

(4] Vessels with corrugated plate stacks have enhanced separation
characteristics over horizontal ‘cylindrical vessels with or without .
baffles, under light or low viscosity influent oil conditions, With vis- : *
cous (~2000 cp) oils the simpler baffled configurations work better -
than the corrugated plate stack configuration of equal overall dl-
mensions, ~

(6) Poor performance under viscous influent oil conditions is
probably due to oil blockage of the plates and low interfacial tension, -
eventually resulting in the formation of “foamy” oil-water constituent,
dispersions, This “foam” does not readily settle due to its high specific -
gravity. Such phenomena should also be expected in other pldte .
separator configurations when heavy viscous and low mterfac:
tension (with water) oils are present in the influent. g

(6) The above phenomena can also be expected with medmm
viscosity eils containing high amounts of dispersed water that does :
not readily separate from the oil. The dispersed water can increase *
the effective viscosity and specific gravity of the “oil” significantly.”

(7) In shipboard and other applications, where influent oil
characteristics may vary and where the probability of having viscous .
ofls and surfactants in waste water is high, simpler baffled horizontal -+’
flow vessels may have some advantages over plate separators, More ™ -
field data on these devices under various oil conditions is needed.

\
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